Intestine-specific transcription factor Cdx2 induces E-cadherin function by enhancing the trafficking of E-cadherin to the cell membrane. Am J Physiol Gastrointest Liver Physiol 299: G1054 -G1067, 2010. First published July 29, 2010; doi:10.1152/ajpgi.00297.2010.-Cdx2 is an intestine-specific transcription factor required for normal intestinal epithelium development. Cdx2 regulates the expression of intestine-specific genes and induces cell adhesion and columnar morphogenesis. Cdx2 also has tumor-suppressor properties, including the reduction of colon cancer cell proliferation and cell invasion, the latter due to its effects on cell adhesion. E-cadherin is a cell adhesion protein required for adherens junction formation and the establishment of intestinal cell polarity. The objective of this study was to elucidate the mechanism by which Cdx2 regulates E-cadherin function. Two colon cancer cell lines were identified in which Cdx2 expression was associated with increased cell-cell adhesion and diminished cell migration. In both cell lines, Cdx2 did not directly alter E-cadherin levels but increased its trafficking to the cell membrane compartment. Cdx2 enhanced this trafficking by altering receptor tyrosine kinase (RTK) activity. Cdx2 expression diminished phosphorylated Abl and phosphorylated Rac levels, which are downstream effectors of RTKs. Specific chemical inhibition or short interfering RNA (shRNA) knockdown of c-Abl kinase phenocopied Cdx2's cell-cell adhesion effects. In Colo 205 cells, Cdx2 reduced PDGF receptor and IGF-I receptor activation. This was mediated by caveolin-1, which was induced by Cdx2. Targeted shRNA knockdown of caveolin-1 restored PDGF receptor and reversed E-cadherin membrane trafficking, despite Cdx2 expression. We conclude that Cdx2 regulates E-cadherin function indirectly by disrupting RTK activity and enhancing E-cadherin trafficking to the cell membrane compartment. This novel mechanism advances Cdx2's prodifferentiation and antitumor properties and suggests that Cdx2 may broadly regulate RTK activity in normal intestinal epithelium by modulating membrane trafficking of proteins.
THE HOMEODOMAIN TRANSCRIPTION factor Cdx2 is required for columnar morphogenesis and cell differentiation in the normal intestinal epithelium (19) . Cdx2 regulates the intestine-specific expression of a number of genes (8, 12, 22, 23, 44) . Cdx2 has also been suggested to be a tumor suppressor in the colon (4, 6) or to have colon tumor-inhibitory properties (16, 17, 19) ; however, the full extent of Cdx2's antitumor effects has yet to be elucidated. In previous studies, we demonstrated that Cdx2 expression in colon cancer cells limits cell proliferation and promotes the adoption of a columnar, polarized cell morphology with apical microvilli (17, 18, 25, 31, 43, 44) . Cdx2 expression appears to modulate the activity of tight, adherens, and desmosomal junctions (11, 12, 25) .
Published reports suggest that Cdx2 may regulate tight junction formation, in part by transcriptional regulation of the claudin-2 gene (33, 39) . More recently, we demonstrated that the desmocollin-2 gene, a component of desmosomes, is also a transcriptional target for Cdx2 (12) . Adherens junction regulation by Cdx2 is less well understood. Interest in Cdx2 regulation of E-cadherin has increased since Cdx2 was identified as an inhibitor of metastasis and epithelial-to-mesenchymal transitions (EMTs) in colorectal cancer (15) , both of which are dependent on regulation of E-cadherin function. In our prior published studies, we found no evidence that Cdx2 regulated the expression of any components of the adherens junction (11, 25) . We did observe that Cdx2 expression was associated with reduced ␤-catenin and p120-catenin tyrosine phosphorylation. However, the tyrosine kinase whose activity is modulated by Cdx2 was not identified. An important question left to resolve was the identity of these kinases and how Cdx2, a nuclear transcription factor, regulated their activity in the cell cytoplasm and membrane compartments. This problem is not unique to our work. Previously, it was demonstrated that Cdx2 haploinsufficiency was associated with increased intestinal polyposis due to increased mammalian target of rapamycin (mTOR) activity (4, 6) . However, the mechanism by which Cdx2 haploinsufficiency led to increased mTOR activity was never fully resolved.
In the present study, we identify a novel mechanism by which Cdx2 modulates E-cadherin activity. We utilize two complementary colon cancer cell lines in which Cdx2 expression is absent or present and in which Cdx2 expression is associated with cell-cell adhesion and E-cadherin function. In both cell lines, when Cdx2 is absent, E-cadherin accumulates in the cytoplasm, and the cells acquire a more invasive and migratory phenotype. This is reversed by restoration of Cdx2 expression. Utilizing short interfering RNA (shRNA) targeting vectors and kinase inhibitors, we establish a mechanistic pathway by which the nucleus-localized transcription factor regulates these cytoplasmic-and cell membrane-localized processes. These novel findings have important implications beyond the regulation of E-cadherin function, as they suggest that Cdx2 may regulate cellular metabolism, proliferation, and stem cell function, as well as cell-cell adhesion and colon cancer cell metastasis, by regulating protein trafficking to and from the cell surface membrane compartment.
MATERIALS AND METHODS
Cell culture and transfections. Colo 205 and LoVo colon cancer cells were obtained from the American Type Culture Collection or the Cell Center (University of Pennsylvania) and maintained as recommended by their supplier. MIGR1-and MIGR-Cdx2-infected Colo 205 cells were generated from Colo 205 cells as described elsewhere (11, 25) . Colo-MSCV-Cav1 cells were produced as described elsewhere (11, 25) , except 400 g/ml geneticin (G418, Invitrogen) was used for selection. LoVo Cdx2 knockout cells were derived as described elsewhere (9) . Colo 205 cells that were infected with shRNA lentiviruses targeting expression of c-Abl or CrkL were maintained in culture medium supplemented with 2 g/ml puromycin. MIGR1 Cdx2-Colo 205 cells infected with a retrovirus targeting caveolin-1 were maintained in DMEM supplemented with 400 g/ml geneticin.
Migration and invasion assays were carried out as described elsewhere (11) . LoVo control and LoVo Cdx2 knockout cells were serum-starved overnight in F12K medium with only 0.5% FCS (Hyclone Laboratories, Logan, UT). A single-cell suspension of 1 ϫ 10 5 cells was placed into the upper FluorBlok chamber (Falcon) with 8.0-m pore size in RPMI medium with only 0.5% FCS. RPMI medium with 20% FCS was placed in the lower chamber, and cells were incubated at 37°C. Fresh medium was added daily. At 48 h, the cells were visualized by 4 g/ml calcein-AM (C-3100, Molecular Probes) and counted. For invasion assays, cells and media were prepared as described above. A tumor invasion system (catalog no. 354165, BD Bioscience) coated with Matrigel was utilized, and inserts were rehydrated as directed by the manufacturer. Then 5 ϫ 10 4 cells were placed in the upper chamber, and the cells were incubated and counted as described above. Means and SDs were calculated and compared using Student's t-test.
Reagents and antibodies. Antibodies directed against ␣-tubulin, N-cadherin, Src and phosphorylated (Y416) Src, CrkL and phosphorylated (Y221/207) CrkL, PDGF receptor-␣ (PDGFR␣) and phosphorylated (Y754) PDGFR␣, c-Abl and phosphorylated (Y412 and Y245) c-Abl, caveolin-1 and phosphorylated (Y14) caveolin-1, and IGF I receptor (IGF-IR) and phosphorylated (Y1135/1136) IGF-IR were purchased from Cell Signaling Technology (Danvers, MA); phosphor- Receptor phosphotyrosine array. Whole cell lysates were prepared as described by the manufacturer (R & D Systems, Minneapolis, MN). Cells were lysed in an NP-40 lysis buffer [1% NP-40, 20 mM Tris·HCl (pH 8.0), 137 mM NaCl, 10% glycerol, 2 mM EDTA, 1 mM sodium orthovanadate, 10 g/ml aprotinin, 10 g/ml leupeptin, and 10 g/ml pepstatin]. Lysates were diluted to 500 g/ml in array buffer. Arrays were blocked in array buffer for 1 h, then the buffer was removed, and the arrays were incubated with 1.5 ml of diluted cell lysates overnight at 4°C with rocking. Arrays were then washed, probed with the detection antibody, and exposed to chemiluminescence reagents as described in the protocol provided by the supplier. The array was then exposed to X-ray film, and the signal was quantified by densitometry.
Transfection, virus production, and infection. Retrovirus production and infection were carried out as described previously using -NX cells (11, 25) . For lentivirus production, 293T cells were utilized. Cells were transfected using a Lipofectamine 2000 transfection kit (Invitrogen) with lentiviral and packaging vectors (SigmaAldrich). Transfected cells were grown at 37°C for 48 h. Viruscontaining medium was removed, filtered through a 0.45-m filter, and supplemented with polybrene (8 g/ml) prior to infection of target cells.
Immunofluorescence and Western blots. Cells plated on glass coverslips were fixed and stained as described elsewhere (46) . Whole cell extracts were prepared using the mammalian protein extraction reagent (M-PER) kit (Thermo Scientific). Cells were lysed in three volumes of M-PER containing protease inhibitor cocktail and phosphatase inhibitor cocktails I and II (Sigma, St. Louis, MO). Membrane (Mem-PER), nuclear (NE-PER), and cytoplasmic protein extraction reagent kits (Thermo Scientific) were used for isolating membrane, nuclear, and cytoplasmic fractions of protein, respectively. Proteins were visualized using an enhanced chemiluminescence (ECL) or ECL Plus kit (GE Healthcare). (See Supplemental Material, available online at the Journal website for a complete list of antibodies and other reagents.)
Quantitative real-time PCR. Total RNA was isolated using RNeasy (Qiagen). The first-strand cDNA synthesis kit (Invitrogen) was used for cDNA synthesis. For the RT-PCR, cDNA and primers were mixed with SYBR Green PCR Master Mix (Applied Biosystems) and then assayed in an Prism 7000 sequence detection system (Applied Biosystems) as directed by the manufacturer. A ribosomal phosphoprotein, 36B4, was used as the normalization control. ⌬Ct values were calculated after duplicate PCRs for each sample as described elsewhere (11, 25) , and statistical analysis was performed (ANOVA and Tukey's rank mean). ⌬⌬C t values were then calculated and used to determine fold change in expression.
RESULTS

Loss of Cdx2 expression is associated with disruption of colon cancer cell-cell adhesion.
Previously, we demonstrated that Cdx2 expression in human colon cancer Colo 205 cells induced a cell-cell adhesive phenotype associated with increased E-cadherin activity (11, 25) . To better understand this, we explored cell-cell adhesion and E-cadherin function in a complementary cell culture model where Cdx2 function is disrupted, LoVo and LoVo Cdx2Ϫ/Ϫ human colon cancer cells. LoVo cells are near diploid in DNA content. Previously we disrupted both alleles of the Cdx2 gene by targeted homologous recombination (Fig. 1A) (9) . Cdx2 is not detected in the 
LoVo
Cdx2Ϫ/Ϫ cells, but there was an increase in the homolog Cdx1 protein levels. We found that these LoVo Cdx2Ϫ/Ϫ cells were more proliferative than the parental cells but were also less tumorigenic (9) . Additionally, we noted that these cells are less adherent to adjacent cells (9) (Fig. 1B) . These effects are similar to those we observed in Colo 205 cells, where restoration of Cdx2 expression reduced cell proliferation and induced cell-cell adhesion (Fig. 1A) (11, 25) . Boyden chamber assays established that these LoVo Cdx2Ϫ/Ϫ cells were significantly more migratory and invasive than the parental cells (Fig. 1C) . However, loss of Cdx2 expression in the LoVo cells was not associated with loss of E-cadherin or any of the adherens junction proteins (Fig. 1D ). This is identical to our observation in the Colo 205 cells. Immunofluorescence studies of Ecadherin demonstrated loss of E-cadherin protein accumulation at cell-cell junctions in the LoVo Cdx2Ϫ/Ϫ cells, while cytoplasmic E-cadherin levels seemed unchanged (Fig. 1D) .
The significant loss of E-cadherin at the cell surface was not consistent with our previous observation in our Colo 205 cell studies (11, 25) . To evaluate this finding more specifically, we isolated nuclear, cytoplasmic, and cell membrane fractions from LoVo Cdx2Ϫ/Ϫ and control cells. YY1 and ␣-tubulin served as loading controls (nuclear and cytoplasmic fractions, respectively) and to illustrate the quality of the separated fractions. No reliable loading control is available to evaluate the membrane fraction in a similar manner. We found that targeted deletion of Cdx2 in LoVo cells led to a significant reduction in E-cadherin and ␤-catenin localized to the membrane fraction, even while N-cadherin levels remained unchanged ( Fig. 2A) . Cytoplasmic and nuclear levels of Ecadherin, N-cadherin, or ␤-and p120-catenin were also unchanged. The role of E-cadherin in the nucleus is unclear, but it has been reported to localize to the nucleus in other cancers as well (10, 40) . Using the same technique, we then examined our Colo 205 cells and found that restoration of Cdx2 expression was associated with a very significant increase in Ecadherin and ␤-and p120-catenin protein in the membrane fraction (Fig. 2B) . This suggests that, in LoVo and Colo 205 cells, Cdx2 expression induces the stable localization of Ecadherin, ␤-catenin, and p120-catenin to the cell membrane compartment. We conclude that Cdx2 promotes cell-cell adhesion by inducing E-cadherin localization to the cell membrane.
Restoration of E-cadherin localization to the cell membrane and induction of cell-cell adhesion by protein kinase inhibitors.
We confirmed a previously published observation (5) that treatment of Colo 205 cells with staurosporine, a broad-spectrum kinase inhibitor, induces a cell-cell adhesion phenotype that is indistinguishable from Cdx2 (Fig. 3A) . Staurosporine also induced a localization of E-cadherin and ␤-catenin to the Cdx2Ϫ/Ϫ cells treated with 10 M staurosporine for 24 h. Lysates were then examined by Western blotting for the presence of adherens junction proteins. Tubulin in the cytoplasmic fraction is included as a control for protein quality and a relative loading control. membrane fraction, just as Cdx2 did. However, p120-catenin was not also localized to the membrane fraction by this treatment. N-cadherin levels were unchanged throughout these treatments. Staurosporine had a similar effect on LoVo and LoVo Cdx2Ϫ/Ϫ cells (Fig. 3B ). These observations suggest that Cdx2 induces cell-cell adhesion and E-cadherin function in colon cancer cells by inhibiting the activity of cellular kinases.
Staurosporine is reported to inhibit Src family kinases, receptor tyrosine kinases (RTKs, e.g., PDGFR and IGF-IR), and protein kinase C, among other targets. Treatment of Colo 205 cells with Src kinase inhibitor I (Calbiochem) induced cell clustering and adhesion in Colo 205 and LoVo Cdx2Ϫ/Ϫ cells (Fig. 4A and data not shown) .
We investigated other cell signaling pathways as well. There were no changes in activated or total MAPK p42/44 levels with Cdx2 expression (data not shown). Rho and Rac small GTPases are known to initiate and expand cadherin-mediated cell-cell contacts (37) . Also, Rac1 activation has been associated with disruption of E-cadherin function by trafficking it to intracellular vesicles (1, 20, 29) . Cdx2 expression did not change total Rac and Rho protein levels, but Cdx2 expression did increase Rac phosphorylation (at S71) in both cell lines (Fig. 4B) . Phosphorylation at S71 has been linked to reduced Rac activity (26) . Treatment of Colo-MIGR1 cells with inhibitors to Rho (Y27632) or Rac1 (NSC23766) did phenocopy Cdx2 and induce cell-cell clustering (Fig. 4C) . Together, these findings suggest that Cdx2 expression regulates Rac activity to induce E-cadherin trafficking to the cell membrane. Fig. 5B ). However, treatment of our cells with a c-Met inhibitor (SU11274) did not alter cell adhesion (Fig. 5C  and data not shown) .
Cdx2 expression inhibits PDGFR and IGF-IR activity to promote E-cadherin function.
Next, we studied other RTKs detected in our array. No changes were noted in the expression and phosphorylation state of EGFR1, ErbB3, and EphA2R with Cdx2 expression (Fig. 6A) .
Nor did the addition of inhibitors to the EGFR (PD153035) or FGFR/VEGFR (PD173074) induce cell-cell adhesion in Colo 205 cells (Fig. 6B) . However, Colo 205 cells were strongly induced to cluster with the addition of an inhibitor to the PDGFR (Fig. 7, A and B) . This cell-cell adhesion mimicked that seen with Cdx2. Importantly, Cdx2 expression in Colo 205 cells was associated with a significant reduction in PDGFR␣ activation, as indicated by the reduced levels of phosphorylated PDGFR␣ (Fig. 7C ). Cdx2 expression did not reduce PDGFR␣ total levels but induced its removal from the membrane compartment (Fig. 7D) (Fig. 8, A and B) . Cdx2 expression was associated with a significant reduction in IGF-IR phosphorylation, indicating reduced kinase activity. However, Cdx2 expression did not reduce IGF-IR levels or its localization in the membrane compartment (Fig. 8, C and D) . Thus, Cdx2 appears to induce E-cadherin activity and Colo 205 cell-cell adhesion by reducing IGF-IR and PDGFR␣ activity in Colo 205 cells.
Reduction in c-Abl kinase activation by Cdx2 promotes cell-cell adhesion in Colo 205 and LoVo cells. While we succeeded in identifying several RTKs in Colo 205 cells regulated by Cdx2 that influence cell-cell adhesion, neither was detected in the LoVo cells by Western blot studies of LoVo and LoVo
Cdx2Ϫ/Ϫ whole cell lysates (data not shown). A downstream effector common to PDGFR and the IGF-IR, as well as other RTKs, is the c-Abl tyrosine kinase (42) . Previously, a novel Src/Abl kinase inhibitor induced a dense spheroid clus- (Fig. 9, A and B) . STI157 reduced phosphorylated Abl and total c-Abl levels. This treatment also reduced the level of CrkL phosphorylation. CrkL is an adaptor protein that is activated by Abl kinase phosphorylation and is an important effector for c-Abl kinase activity (42, 48) .
Cdx2 expression reduced phosphorylated Abl levels and CrkL phosphorylation in Colo 205 cells, both consistent with diminished Abl kinase activity (Fig. 9C) . Moreover, the levels of phosphorylated c-Cbl, another adaptor protein activated by Abl kinase, were similarly reduced. Together these findings support the conclusion that Cdx2 expression in Colo 205 cells reduces c-Abl kinase activity.
Our findings in LoVo cells are similar. While phosphorylated Abl and phosphorylated c-Cbl appear to be below the level at which we can detect them, we clearly observe a reduction in CrkL phosphorylation in the LoVo cells compared with the LoVo Cdx2Ϫ/Ϫ cells (Fig. 9C) . Moreover, treatment of the LoVo Cdx2Ϫ/Ϫ cells with the Abl kinase inhibitors did induce greater cell-cell adhesion (Fig. 9, D and E) . To better establish the role for c-Abl or CrkL in Colo 205 and LoVo cell-cell adhesion, we used shRNA targeting vectors. Using shRNA sequences in pLKO.1 vectors (Sigma-Aldrich; c-Abl clones 2 and 3, CrkL clone 2), we significantly reduced c-Abl and CrkL levels in our cells (Fig. 10) . Some clones had no effect and served as additional controls (CrkL clone 1). In Colo-MIGR and LoVo Cdx2Ϫ/Ϫ cells, knocking down c-Abl or CrkL levels was associated with induction of cell-cell adhesion (Fig. 10) . In the Colo 205 cells, the Abl kinase knockdown was associated not only with diminished phosphorylated Abl and phosphorylated CrkL, but also reduced phosphorylated (Y489) ␤-catenin (Fig. 10B) . The CrkL knockdown did not, in contrast, reduce phosphorylated Abl or phosphorylated (Y489) ␤-catenin. These observations are consistent with ␤-catenin being a phosphorylation target of the Abl kinase at Y489 (27) . We conclude that the c-Abl kinase, a common downstream effector of RTK activity, acts to disrupt E-cadherin function in Colo 205 and LoVo cells. Cdx2 expression in both cell lines is associated with diminished Abl kinase activity, likely due to Cdx2-mediated reductions in upstream RTK activity.
Cdx2 enhances caveolae function to diminish RTK activity and restore E-cadherin to the membrane compartment. Caveolae are specialized plasma membrane microdomains that have been implicated in a variety of physiological processes, including membrane trafficking, cell motility, and signal transduction (including RTKs) (30, 36, 38, 47 (Fig. 11, A and  B) . Directed expression of a caveolin-1 cDNA (kindly provided by Phoebe Fielding, University of California San Francisco) using a retroviral vector in Colo 205 cells did induce cell-cell adhesion, as observed with Cdx2 expression (Fig. 11,  B and C) . We next targeted caveolin-1 expression in Colo-MIGR-Cdx2 cells using a shRNA vector. The vector reduced caveolin-1 levels by about two-thirds compared with the control (Fig. 11D) , and Colo-MIGR-Cdx2 cells infected with this retrovirus lost their cell-cell adhesion phenotype (Fig. 11E) . Moreover, in fractionated protein lysates, caveolin-1 total protein levels are diminished, but phosphorylated caveolin levels remain unchanged, consistent with an overall relative increase in phosphorylated caveolin-1 levels (Fig. 11F) . More importantly, in the membrane fraction, we observed increased PDGFR and CrkL levels and reduced E-cadherin and ␤-catenin protein levels (Fig. 11F) . This pattern is similar to that seen in wild-type Colo 205 cells in the absence of Cdx2 expression (Figs. 2 and 7) . We conclude that Cdx2 promotes Ecadherin function and cell-cell adhesion in Colo 205 cells by enhancing caveolin-1 protein levels, leading to diminished RTK activity, resulting in increased localization of E-cadherin to the cell membrane compartment.
DISCUSSION
The homeodomain transcription factor Cdx2 is required for intestinal differentiation and columnar morphogenesis (11) (12) (13) 25) . Cdx2 has been suggested to be a tumor suppressor (4, 6) or to have tumor suppressor properties (16, 17, 19) in the colon. Cdx2 has been implicated as an antagonist of EMT in colon cancer (15) , and this effect depends on its promotion of strong cell-cell adhesion interactions. The observations reported here significantly advance our understanding of Cdx2 regulation of E-cadherin function. We establish for the first time a well-defined mechanism by which Cdx2 regulates Ecadherin in two distinct colon cancer cell lines. Moreover, we found that Cdx2 expression can influence RTK activity without directly regulating its expression. This is a powerful and novel function for Cdx2, one with implications for Cdx2 regulation Cdx2Ϫ/Ϫ cells) were incubated with the arrays. Receptor tyrosine kinases (RTKs) were scored as to whether, in all 4 Colo arrays (or all 4 LoVo arrays), the tyrosine-phosphorylated protein product could be detected (present) or could not be detected (not detected). Detection of phosphorylated ErbB2 in LoVo cells was weak in 2 lysates and not the others and was labeled unknown. ‫ء‬Validated by Western blotting. HGFR, hepatocyte growth factor receptor; IGF-IR, IGF-I receptor; PDGFR, PDGF receptor; EGFR, EGF receptor; FGFR, FGF receptor; VEGFR, VEGF receptor.
of colon cancer and normal intestinal cell proliferation, migration, and survival.
Cdx2 regulates E-cadherin indirectly by modulating RTK activity at the cell surface. One challenge to understanding how Cdx2 regulates E-cadherin function has been the absence of an obvious transcriptional mechanism. Several cell-cell adhesion proteins have been identified as transcriptional targets for Cdx2 (12, 23, 39) . Despite the suggestion from one early study that E-cadherin expression was regulated by Cdx2 (28), we found no evidence for this in studies of several colon cancer cell lines (11, 12, 25) . Fundamentally, the restoration of Ecadherin and the catenin proteins to the membrane compartment by Cdx2 expression is a novel mechanism. Our ability to establish this relationship in Colo 205 and LoVo cells implies that this mechanism is broadly operative in colon cancer and intestinal cells. In addition, we identified a pathway of kinases and adaptor proteins that links several cell surface RTKs to regulators of E-cadherin function (Fig. 12) . In Colo 205 cells only, Cdx2 influences the activity of this pathway by enhancing caveolin-1 expression levels, which leads to the silencing of PDGFR and IGF-IR tyrosine kinase activity. This is an unexpected finding. While Cdx2 has been identified as a transcriptional activator of the heparin-binding EGF gene (45) , no previous reports have suggested that Cdx2 regulates RTK activity in any manner.
The diminished PDGFR and IGF-IR activity leads to reduction in activity of c-Abl kinase, as well as activity of downstream effectors that are known to modulate Ecadherin function (48) . Nearly all these factors have been reported to regulate E-cadherin function (35, 42, 48) ; however, their control by Cdx2 is novel, as is their placement by us within the context of colon cancer cell-cell adhesion. Additionally, this finding resolves a long-standing unresolved question regarding Cdx2's tumor-suppressor qualities. Aoki et al. (4) reported that Cdx2 heterozygous knockout mice were prone to more polyps in the APC Min/ϩ mouse model because of increased mTOR activity (6) . However, how Cdx2 haploinsufficiency led to increased mTOR kinase activity was never resolved. We suggest, on the basis of our observations, that reduction of Cdx2 levels may lead to increased RTK activity and, via phosphatidylinositol 3-kinase, elevation of mTOR kinase activity as well.
One limitation of this study was our inability to identify RTKs in the LoVo cells that performed a role similar to that of PDGFR and IGF-IR or to confirm caveolin-1 regulation by Cdx2 in these cells. One possibility is that PDGFR and IGF-IR are present in LoVo cells at low levels that we cannot detect by Western blotting, but even at these levels, they serve to regulate E-cadherin function and are, in turn, regulated by Cdx2. Alternatively, it is possible that the modest expression of the Cdx2 homolog Cdx1 contributed to our difficulties with the LoVo cells. Cdx1 can substitute for Cdx2 and promote Ecadherin function in the Colo 205 cells (11, 25) . It may therefore be obscuring some of the effects from the LoVo Cdx2 knockout. However, even in LoVo cells, Cdx2 expression appears to modulate RTK activity. This is suggested by our observations that 1) the disruption of E-cadherin in LoVo Cdx2Ϫ/Ϫ and Colo 205 cells was due to removal of E-cadherin and catenins from the cell membrane compartment and 2) LoVo Cdx2Ϫ/Ϫ cells became adhesive when treated with Abl kinase inhibitors or a targeted reduction in c-Abl or CrkL by shRNA vectors. These findings support the conclusion that the LoVo Cdx2Ϫ/Ϫ cells require RTK inputs through the c-Abl kinase pathway to disrupt E-cadherin function.
Cdx2 regulation of IGF-IR and other RTKs in the intestinal epithelium. IGF-IR is expressed in normal intestinal epithelium, including crypts (2). It is conceivable then that Cdx2 expression regulates intestinal IGF-IR levels and activity. In addition, most studies suggest that Cdx2 levels are diminished (but not lost) in intestinal epithelial cells as they progress to cancer (19, 24, 32) . Some of the increase in IGF-IR levels with progression to cancer might therefore be explained by the reduction in Cdx2 levels. These lower Cdx2 levels may still be sufficient to repress the IGF-binding protein-3 promoter (7), further stimulating IGF-IR activity.
Of great interest was the role of caveolin-1. Caveolae are important modulators of a variety of cell surface receptors (30, 36, 38, 47) : they are required for signaling in some instances and silencing in others. Cellular and tissue context likely plays a role in these divergent effects. It is clear, however, that they are important regulators of RTK activity. We therefore suspect broader effects by Cdx2 on RTK activities that may impact other aspects of intestinal and colon cancer cell biology, from metabolism and cell proliferation to cell migration and adhesion. From a therapeutic perspective, targeting c-Abl kinase and RTKs in poorly differentiated colon cancers with little Cdx2 expression may significantly impede tumor metastasis and EMT by enhancing E-cadherin function.
Several questions remain unanswered from our work. The role of the Cdx2 homolog Cdx1 in these processes remains unstudied. In our previous studies, restoration of Cdx1 expression in Colo 205 cells yielded a phenotype similar to that for Cdx2 (11, 25) . We speculate that, in Colo 205 cells, restoration of Cdx1 (in the absence of Cdx2) would similarly induce caveolin-1 levels, which would, in turn, modulate PDGFR and IGF-IR activity and PDGFR and E-cadherin membrane localization. We have preliminarily demonstrated induction of caveolin-1 protein by Cdx1 expression in Colo 205 cells (data not shown) and are examining these Colo-MIGR-Cdx1 cells for changes in PDGFR and IGF-IR as well. Lastly, the regulation of caveolin-1 gene expression by Cdx1 and Cdx2 may have important implications for intestinal epithelial cell biology. Sequence analysis of the human and murine caveolin-1 promoters reveals that they contain canonical Cdx2 binding sites (data not shown).
In summary, we establish a novel mechanism by which the intestine-specific transcription factor Cdx2 regulates E-cadherin function. Our data suggest that Cdx2 expression can reduce RTK activity by modulating caveolin-1 levels. This leads to increased trafficking of E-cadherin and p120-and ␤-catenin to the cell membrane. This mechanism has broad implications for Cdx2's role in promoting columnar morphogenesis and preventing EMT in colorectal carcinogenesis. It also predicts that Cdx2 can influence intestinal cell metabolism, motility, and survival on the basis of this ability to modulate RTK function. 
